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Spatiotemporal surface water extent dynamics are important factors to understand 
the evolution of land surface and hydrologic processes in the Prairie Pothole Region 
(PPR). Surface water bodies such as lakes and wetlands are highly responsive to the 
variability in air temperature and precipitation, making them effective indicators of long-
term hydrological conditions. Increased levels of precipitation influencing subsequent fill 
and spill processes have facilitated the wetland behavior in the Devils Lake Basin (DLB) 
as well as the rising lake levels that has caused $1 billon in flood damages.  To date, the 
impacts of recent wetting (1993-present) on surface water area dynamics are inconclusive 
in various Northern Great Plains (NGP) watersheds. In this study, I utilize remotely 
sensed satellite imagery, field-based streamflow observations, PRISM precipitation data 
(the combination of remote sensing and numerical model), and numerically modeled 
open water evaporation to detect the influence of hydroclimatic drivers on surface water 
extent dynamics. Here, I delineated waterbodies utilizing a density slicing approach of 
the short-wave infrared band (SWIR) from Landsat imagery to identify the lake and 
wetland area changes to recent wetting in the DLB. Our results report six phases of dry 
and wet conditions experienced in the DLB over the study period from 1990-2017. 
Substantial total surface water expansion is detected in a pre-2011 period (2006-2011) 
increasing at 120 km2/year and then declining at 140 km2/year in a post-2011 (2011-
2017) contraction of surface water extent. The pre-2011 changes are due to increased 
levels of precipitation and fill and spill processes after the 1999-2005 NGP drought. In 
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contrast, the shrinkage of wetland areas during the post-2011 period is due to the 
hydroclimatic dominance of evaporation. During the post-2011 period, the responses of 
smaller wetlands (<90,000 m2) are highly variable while the larger wetlands and lakes 
decline promptly due to evaporation. During the study period a hysteric loop of open 
water evaporation and surface water extent was also detected. With most of the global 
climate models predicting a continued progression of wetting conditions in the NGP, 
wetlands and open water area are also expected to increase. However, the findings show 




The cold, continental climate of the Northern Great Plains (NGP) exerts strong 
influences on regional hydrological process and storage due to the high spatiotemporal 
variations of climatic conditions (Liu and Schwarts 2012; Hayashi et al. 2016; LaBaugh 
et al. 1998; McKenna et al. 2017). The variety of distinct hydrological ecosystems in the 
NGP produce dynamic aquatic communities such as lakes, marshes, washouts, and 
wetlands (Shook et al. 2013). The relatively flat topography of the NGP is home to 
millions of prairie pothole depressions of glacial and post-glacial origin (Sethre 2005). 
These depressions act as sponges, soaking up excess water in deluge years and releasing 
it during drought years (Bullock and Acreman 2003; Shaw 2012). When these potholes 
are filled, they are referred to as wetlands – “the kidneys of a watershed, (Haque et al. 
2018).” Wetlands are highly responsive to the variability of climatic fluctuations (e.g. air 
temperature and precipitation) making them useful indicators of long-term hydrological 
conditions (Vanderhoof and Alexander 2015). Thus, spatiotemporal wetland dynamics 
are important factors to understand the evolution of the surface and hydrologic processes.  
Hydroclimatic conditions have changed over the last three decades in the NGP, a 
highly fluctuating precipitation regime with an overall trend of wet conditions. This 
increased wetting has resulted in the expansion of existing wetlands and lakes, and a 
generation of new wetlands by the fill-spill process in many watersheds such as the Smith 
Creek Basin (SCB) watershed in the Canadian prairie (Dumanski et al. 2015). Since 
1991, the NGP experienced two significant periods of elevated precipitation resulting in 
devastating flooding across NGP: 1994-99 (Todhunter 2016) and 2004-2011 (Rodell et 
al. 2018). During this time, there was only one drought period (1999-2003) between the 
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two wet periods (Dumanski et al. 2015). The prairie ecosystems and hydrology must 
adjust to these shifts in the precipitation regime of variable magnitude and are often 
impacted by wetland dynamics (Winter and Rosenberry 1998).  
To date, the impacts of extreme climatic variability (very wet and dry conditions) 
on the area of surface water bodies (lakes and wetlands) are inconclusive in various NGP 
watersheds. Dumanski et al. (2015) reported increased wetland connectivity to recent 
wetting, expanding the contributing area and substantially amplifying streamflow volume 
and peak flow. In contrast, the expansion of surface water bodies was reported in other 
studies (Sethre et al. 2005); however, they had little impact on streamflow generation.  In 
addition, very few studies explored the links between surface water area and 
hydroclimatic responses in a terminal lake basin. The expansion and rapid growth of 
surface water bodies in the NGP are of specific scientific and socioeconomic interest in 
the Prairie Pothole Region (PPR), as the recent flooding has caused roughly billions of 
dollars in flood damages in the USA and Canada (Zhang et al. 2009). 
The Devils Lake Basin (DLB), a closed terminal lake basin, is one of the most 
dynamic hydrological systems in the world (Sethre et al. 2005). Because terminal lake 
basins lack a surface outflow, lake levels experience sudden changes in surface elevation, 
lake area, and lake volume in response to short-term and long-term climatic variability 
(Todhunter 2016). Moreover, in recent decades (1993-present) the DLB has experienced 
a shift from a dry to a wet climate, facilitating a rise in lake levels (Devils Lake and 
Stump Lake). Extensive studies using remote sensing (RS) technology have shown that 
the lake area has grown dramatically in response to recent wetting (Sethre et al. 2005; 
Todhunter and Rundquist 2004; Vanderhoof and Alexander 2015).  
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Previous studies have shown that RS technology and image classification 
techniques are reliable methods to classify the surface extent of water. Sethre et al. (2005) 
used a traditional density slicing technique of the short-wave infrared (SWIR) band 
(Band 5) from Landsat Thematic Mapper (TM) images to delineate water bodies to 
conclude that wetland area fluctuated with lake areas in the DLB (Sethre et al. 2005). 
Todhunter and Rundquist (2004) also utilized Landsat imagery to classify waterbodies 
and showed that there was a three-fold increase in total open water in Nelson County 
(southeastern area of the DLB) from 1992-2001. Vanderhoof and Alexander (2015) used 
Landsat images to classify waterbodies concluded that wetland connectivity increased as 
the Devils Lake area expanded. Unfortunately, the recent changes (post-2011) of surface 
water bodies to climatic shift were not investigated and the connection between 
hydroclimatic responses (precipitation, evaporation and streamflow) and surface water 
bodies was barely studied.   
Satellite remote sensing from previous studies using similar methodologies for 
detecting waterbodies from Landsat TM and Enhanced Thematic Mapper Plus (ETM+) 
have been successfully and effectively used for mapping and monitoring the variability in 
surface water extent and bodies (Sethre et al. 2005; Todhunter and Rundquist 2005; 
Vanderhoof and Alexander 2015). There are several available satellite remote sensors 
that are widely used for water extent assessment (Ko et al. 2015). Conveniently, Landsat 
series imagery (TM, ETM+ and Operational Land Imager (OLI)) are inexpensive, 
available since 1984, and provide a reasonable spatial resolution of 30 x 30 m detail (900 
km2 or 0.09 ha) and a temporal resolution of 16 days (Sethre et al. 2005) for long-term 
change detection studies.  
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 Environmental changes and their impacts on surface water is vital for research 
purposes since they are constantly undergoing changes in time (Feyisha et al. 2014). 
What are the relationships between wetland dynamics and hydroclimatic drivers in 
response to the recent climatic shift in the NGP? In this study, the research goals to 
address the research question are to: 1) delineate waterbodies using remote sensing 
technology; 2) describe spatiotemporal dynamics of surface water extent including lakes 
and wetlands to the recent shift in precipitation regime; and 3) investigate the relationship 
between hydroclimatic drivers and surface water extent including lakes and wetlands. 
The relationships between wetland dynamics and hydroclimatic responses, such as annual 
precipitation and streamflow, are significant because they change over time and can 
cause great economic impacts for water supply, water quality, and wildlife habitat. Here, 
I use a Landsat time-series from 1990-2017 to study the variations of the DLB surface 
water extent over time to observe spatial and hydrological changes. Although the impacts 
of wetland changes on hydrologic processes are inconclusive in other NGP watersheds, I 
hypothesize that climatic evolutions will have pronounced impacts on streamflow as the 
NGP is expected to experience wetter precipitation regimes in next few decades (Vecchia 
2008). Surface water extent response to the recent increase in precipitation is increased 
water body numbers and area. Furthermore, the relationships between surface water 
extent and hydroclimatic responses, such as annual precipitation and streamflow, will 







The DLB is located in the northeastern central part of North Dakota, USA (Figure 
1). It extends from the southern slopes of the Turtle Mountains and south to the 
prominent hills between Devils Lake and the Sheyenne River (Swenson and Colby 1968) 
(Figure 1). The topographic formation of the basin is of glacial origin and is unique due 
to the great numbers of shallow depressions of small lakes, ponds, and wetlands, 
moraines, outwash plains, and drumlins (Swenson and Colby 1968; Sethre et al. 2005; 
Zhang et al. 2009; Shook et al. 2013). The millions of pothole depressions in the PPR 
have great ecological significance for waterfowl, although federal programs have 
marginalized rangeland from agricultural purposes to enhance waterfowl breeding 
(Zhang et al. 2009).  
 The PPR is a vital agricultural production area in North America (Vanderhoof and 
Alexander 2015). The DLB is dominated by herbaceous vegetation, hay/pasture, and 
cultivated crops according to the 2011 National Land Cover Database (NLCD in Figure 
1G) (Vanderhoof and Alexander 2015). The fine-textured soils are a result of glacial 
thrusting, have a low vertical permeability that develop a concrete frost layer during the 
winter and become saturated during the spring. As a result, the basin is characterized by 
poor drainage and saturated soils (Todhunter and Rundquist 2005). The bedrock 
underneath the soil was formed during the Cretaceous period and consists mostly of 
Pierre Formation, with some Fox Hills Formation found in the northern and western 
borders of the basin (Bluemle 2003). The relief of the DLB is ~206 m with the highest 
point of elevation in the northwestern tip of the basin at ~673 m, and the lowest point of 
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elevation being at the center of the southern part of the basin and its surrounding 
topography at ~413 m (Figure 1).  
 The continental climate of the Northern Great Plains (NGP) makes it a relatively 
cold region (Todhunter and Fietzek-DeVries 2016). Regional precipitation and 
evaporation have been affected by global climate change in the basin (Zhang et al. 2009; 
Ludden et al. 1983). In recent years, the DLB has experienced a shift from a dry to a wet 
cycle beginning in 1993 (Ballard et al. 2014; Sethre et al. 2005; Rodell et al. 2018). 
Under these wet conditions, the low relief of the basin has led to extreme flooding due to 
spring runoff events and overall increased precipitation averages with evaporation being 
the only major source of water release in the basin since the beginning of recorded 
observations (Sethre et al. 2005; Vanderhoof and Alexander 2015; Ludden et al. 1983; 
Swenson and Colby 1968). In a previous study, the shift to wetter conditions showed that 
wetlands were similarly affected as lake level fluctuations, showing that wetland 
dynamics should be continuously monitored along with lakes in observing increasing 
contributing area of surface water extent (Sethre et al. 2005).   
The hydrology of the DLB is comparatively consistent with the Canadian Prairie 
Pothole Region with the dominant source of runoff being snowmelt, the most important 
hydrological event on the prairie (Spence et al. 2018; Todhunter 2018). Much of the 
runoff is internally drained to smaller prairie pothole wetlands and slowly infiltrate to 
groundwater due to the low permeability of the soil. When wetland storage capacity is 
exceeded, outflow then occurs creating spillage into lower relief potholes (Shook et al. 
2013). Because of long periods without spilling, large portions of the region are non-
contributing to local streams. When potholes fill, however, wetland connectivity allows 
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water to travel to a stream and increase the over-all contributing area, making it difficult 
to quantify depressional storage of wetlands (Shook et al. 2013). Direct precipitation of 
water onto prairie wetlands by blowing snow wind transport, melting of snow, and 
rainfall are primary runoff generators (Shook et al. 2013). Figure 2B shows recent 
fluctuations of streamflow at the outlet gauge of the Mauvais Coulee Basin and gage 
height at the Lake Alice-Irvine channel near Churchs Ferry, ND. The locations of these 
gauges are shown in Figure 2A. Note that the gauge at the Lake Alice-Irvine channel near 
Churchs Ferry, ND was moved to near Hwy 2 (Figure 2A) because of high flooding 
conditions. In Figure 2, the gauge height can be considered a proxy for lake level as both 
gauges are located at the bank of the lake. Figure 2 clearly shows that the lake level rise 
is strongly associated with peak streamflow at Mauvais Coulee Basin. In particular, 
during the 1998-2011 period, due to climatic wetting, the peak flow substantially 
increased from 40 m3/sec to 100 m3/sec, which was responsible for a 2.5 m lake level 
rise. However, during post-2011 period, the recession of lake level to streamflow peak at 
the Mauvais Coulee gauge is inconclusive and the peak flows are not strongly correlated 
with lake level. This can be attributed to the lack of a natural outlet in the DLB 




Figure 1: Study Site Location, hydrography and land surface characteristics of the study 
area. (A) Location of the state of North Dakota (ND) in USA. (B) Location of Devils 
Lake Basin (DLB) in ND. (C) Stream network in the DLB. (D) Locations of USGS 
streamflow gauges in the DLB. (E) Locations of weather stations in the DLB. (F) Digital 
Elevation Model (DEM) of the DLB in a 30 m by 30 m resolution. (G) Landcover of the 
DLB from the 2011 National Land Cover Database (NLCD).  
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Figure 2: (A) Location of Mauvais Coulee, Lake Alice and U.S. Highway 2 gauges; (B) 
Mauvais Coulee near Cando, ND streamflow data (blue line), 1998-2018; and lake level 
of Lake Alice-Irvine from gauge height data (red line) from USGS locations Lake Alice-









MATERIALS AND METHODS 
 Remotely sensed imagery, field-based observations, and numerically simulated 
processes was used to accomplish the research goals (Figure 3). To detect the surface 
water extent in the DLB, I delineated waterbodies from a series of remotely sensed 
imagery during the 1990-2017 period. To assess the accuracy of the methods, I used 
aerial imagery from the National Agriculture Imagery Program (NAIP). Once I 
established surface water extent for the study period, I investigated the relationship of 
remotely sensed surface water extent with hydroclimatic responses such as streamflow, 
precipitation, and open water evaporation. These relationship analyses helped to 
understand the underlying mechanisms of surface water extent dynamics as hydroclimatic 






















Figure 3: Flow chart describing methods used in the study. 
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Digital Image Processing 
 A series of Landsat images was used to detect surface water extent from 1990-
2017. Images collected came from different generations of Landsat satellite platforms 
that are easily accessible, free, and have a continuous data record since 1972. With a high 
spectral (six bands in visible, near infrared, and SWIR) resolution, spatial resolution of 30 
m, and a temporal resolution of 16 days, Landsat imagery is widely used in land surface 
change studies. Although a series of high spatial resolution aerial photographs were 
available for part of the study period, they were not considered for this study because of 
inadequate spectral resolution (no response in SWIR region of electromagnetic spectrum) 
and lack of data coverage over the 1991-2017 study period. NASA launched and operated 
different Landsat satellites at different periods over last three decades; remotely sensed 
imagery used in this study is a combination of imagery from Landsat 5 (TM), Landsat 7 
(ETM+), and Landsat 8 (OLI) (Figure 3). 
 The extent of surface water bodies and their variations can be detected with a 
wide range of atmospheric windows (bands) in the electromagnetic spectrum and indices 
(multiple combinations of bands) using remotely sensed imagery. For example, open 
water surfaces can be detected with high accuracy using shortwave infrared (SWIR, 
1250–2500 nm) and the near-infrared (NIR, 700–1250 nm) bands (Soti et al. 2009) 
because water absorbs energy in contrast to vegetation and soil which reflect strongly in 
those ranges (Jensen 2015). However, because of certain conditions in water bodies 
triggered by factors such as turbidity and the presence of biomass (algae), the above-
mentioned spectral bands are inadequate for open water pixel detection (Soti et al. 2009). 
Thus, many studies develop water detection indices by combining SWIR, NIR and visible 
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(VIS, 350–700 nm) spectral regions. These indices include: the Normalized Difference 
Water Index (NDWI; McFeeters et al. 1996), the Normalized Difference Water Index 
(NDWI; Gao 1996), the Modified Normalized Difference Water Index (MNDWI; Xu et 
al. 2006) and the Normalized Difference Vegetation Index (NDVI; Tucker 1980). 
However, a simple density approach using the SWIR band has been widely used for 
detecting water bodies in the NGP (e.g., Sethre et al. 2005; Vanderhoof and Alexander 
2015). Vegetation and soil are very strong reflectors of incident energy in the SWIR 
region of the electromagnetic spectrum, while water is a poor reflector and absorbs most 
of the incident energy in this band (Jensen 2015).  
 A density slicing method of the first shortwave infrared band (Band 5, 1550-1760 
nm, also known as Band 6 in the Landsat 8 OLI sensor) was used to classify water pixels 
from non-water pixels. This approach has been adopted in numerous studies to delineate 
and classify water pixels in the NGP (Sethre et al. 2005; Todhunter and Rundquist 2004; 
Vanderhoof and Alexander 2015). The density slicing method is a supervised 
classification technique of a single-band that is simpler to work with, and is proven to 
map water boundaries (Frazier et al. 2000; Sethre et al. 2005). Initially, the intent was to 
use Landsat imagery taken during the August-October period to capture representative 
surface water conditions at the end of the water year in the PPR. Because of the high 
percentage of cloud cover and lack of availability, it was necessary to use Landsat scenes 
from other months (April-July) of a water year.  
The DLB (10,000 km2) is a large watershed that partially intersects spatial 
coverage of three scenes with path/rows (31/26, 31, 27, and 32/26). Accordingly, three 
images were downloaded with very little cloud cover for each year of the analysis (Figure 
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4; Table 1). A total of 75 Landsat scenes were downloaded and digitally processed and a 
detailed description of each downloaded image is given in Table 1. A density slicing 
approach of Band 5 was used to classify water pixels from 75 Landsat scenes for the 27 
year study period of 1990-2017 with the exception of 1993 (heavy cloud cover) and 2012 
(not available). Note that the threshold digital number (DN) varied from Landsat sensor 
to sensor, as variable radiometric resolutions were used while processing imagery from 
Landsat 5 TM (8-9 bit), ETM+ (32 bit), and OLI (12 bit). The DN threshold was 
determined by myself using aerial imagery to establish water from non-water pixels. 
Then, the classified water pixels were mosaicked together before sub-setting them to the 
DLB boundary.  
Accuracy Assessment 
 The NAIP imagery is a part of the U.S. Department of Agriculture’s (USDA) 
Farm Service Agency (FSA) program to support rural communities with remotely sensed 
data. During the agricultural growing season, NAIP obtains aerial imagery and produces 
orthophotography of the continental US. The aerial imagery has a 1 m spatial resolution 
in a default spectral resolution in the natural color of Red, Green, and Blue (RGB). As of 
2007, NAIP now includes a near-infrared band along with RGB. These imagery data can 
be accessed through ArcGIS Desktop by adding the WMS web address in your server: 
https://gis.apfo.usda.gov/arcgis//rest/services. Mosaicking the aerial imagery data county 
by county (9 counties intersecting DLB) allowed me to extract by mask the DLB 
boundary to begin my water pixel accuracy assessment. In a subjective method, aerial 
imagery polygons of known water pixels were drawn over DLB to spatially assess the 
accuracy of the density sliced water pixels.  
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Hydroclimatic Data Collection 
I obtained streamflow data from the USGS website, precipitation data from 
Oregon State University-based Parameter-Elevation Regressions on Independent Slopes 
(PRISM), climatic data from North Dakota Agriculture Weather Network (NDAWN) 
stations, and numerically simulated open water evaporation using the Cold Region 
Hydrological Model (CRHM) platform. In the following text, the description of data 
collection and evaporation simulation are described.      
Climate Data 
 Weather and climate are powerful drivers of natural systems and profoundly 
affect the function of human society. Climate settings are major indicators of local 
weather conditions that are important for society in terms of road construction, the 
clothes I wear, and what plants can grow in agricultural areas, etc. With the advancement 
of Geographical Information Systems (GIS), Global Positioning Systems (GPS), and 
advanced RS techniques, I can now observe and study the past, present, and futuristic 
conditions of the Earth’s surface processes. At the Oregon State University, the PRISM 
model was created by researchers known today as the PRISM Climate Group. PRISM is 
an algorithm-based model that maps precipitation patterns using elevation (the 
determinate factor of precipitation patterns) and weather station observations, and was 
first developed by Chris Daly in 1991. After two years of scrutiny, criticism, and finally – 
confirmation from scientists in Utah, Oregon, Idaho, and Nevada, PRISM was deemed to 
equal or exceed the quality of their own maps. After the confirmation, PRISM then 
received numerous amounts of funding from the USDA Natural Resources Conservation 
Society (NRCS), NOAA, NASA, NPS, USFS, USEPA, NSF, and Nature Conservancy. 
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Since then, PRISM has mapped temperature and precipitation of the lower 48 states from 
1961-present. PRISM has undergone constant development and is now a very mature 
model (Daly and Bryant 2013). Climate data collection for the DLB from the PRISM 
Climate Group was used in this study from October 1990 – September 2018. Note that 
U.S. Department of Agriculture Risk Management Agency is highly supportive of 
PRISM data and has been extensively used in recent NGP hydrology studies (e.g. 
Todhunter 2016; Todhunter and Fietzek-DeVries 2016; Small et al. 2006; 
Sankarasubramanian and Vogel 2003; Van Hoy et al. 2019). 
Climate data were retrieved from six weather stations provided by the NDAWN. 
Wind speed, relative humidity, solar radiation, and air temperature variables were 
selected from the NDAWN stations at Cando, Rolla, Edmore, Baker, Crary, and 
Michigan, ND. The climate data at the NDAWN stations is measured every 60 seconds 
and averaged hourly. Each station is equipped with the Campbell Model COM300 voice 
modems and in 2003, all stations were equipped with VS1 modems and COM300 
modems. The stations also provide hourly averages, hourly maximum, and totals for all 
variables. Wind speed had to be converted to averages at a 10 m height for the Priestly-
Taylor equation since NDAWN weather stations measured wind speed at 3.048 m above 
the ground (Ritchison et al. 2018).  
Streamflow data 
Stream flow data provided in this study came from six USGS gauges within the 
DLB. Gauge sites include: Mauvais Coulee Trib No. 3 NR Cando, ND (05056060), 
Mauvais Coulee NR Cando, ND (05056100), Little Coulee NR Leeds, ND (05056340), 
Starkweather Coulee NR Webster, ND (05056239), Edmore Coulee NR Edmore, ND 
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(05056200), and Edmore Coulee Trib NR Webster, ND (05056215). Gauges are removed 
from October to March because of frozen conditions in ND. The USGS provides high-
resolution data that are recorded at 15-60 minute intervals, stored, and then transmitted to 
USGS offices every 1-4 hours depending on the technique used to relay the data. Real-
time gauge sites transmit data immediately to satellites, telephone, and/or by radio and 
can be viewed within minutes. All data, however, are considered provisional data and 
must undergo revision (https://waterdata.usgs.gov/nwis/rt). Streamflow measurements 
begin in the spring season after the initial ice break up in ~March and end in early winter 
as ice develops when stream water freezes in ~October. The SonTek Flowtracker uses the 
Doppler effect to find velocity and measure discharge rates at low flow stages (D. 
Thomas, personal communication, 2018). However, due to the breaking up of snow and 
ice during the melt in early spring can cause large uncertainty in streamflow 
measurements (D. Thomas, personal communication, 2018).  For this reason, streamflow 
is measured using an Acoustic Doppler Current Profiler that is attached to a floating 
platform in order to measure width, depth, and velocity at the same time.  (D. Thomas, 
personal communication, 2018). Discharge measurements are taken every seven weeks to 
develop a rating curve that interpolates discharge measurements (Forenza et al. 2016).  
Open Water Evaporation Simulation 
  The CRHM platform was used to simulate hourly open water evaporation flux 
using the Priestley–Taylor equation (Sumner and Jacob 2005) that incorporates the 
following input variables: air temperature, relative humidity, wind speed, incoming solar 
radiation, and simulated snow status using snow water equivalent (SWE).  The Priestley–




1.26𝛥(𝑡)(𝑅𝑛 −𝑄𝑔 − 𝑄𝑠)
(𝛥(𝑡) + ɣ(𝑃𝑎, 𝑡)
 
where E (mm) is hourly evaporation at hour t, Rn is the net radiation (MJ m
-2 day-1), Qg is 
the ground heat flux (MJ m-2 day-1), Qs is the heat exchange due to saturation humidity 
over ice and snow (MJ m-2 day-1), 𝛥(t) is saturation pressure gradient (kPa ⁰ C-1), and ɣ 
(Pa,t) is the psychrometric constant (kPa ⁰ C-1), which is a function of Pa (atmospheric 
pressure) and t. E is zero when Rn  ≤ 0.0. A detailed model set up and description for this 





Figure 4: Landsat imagery and sensors used for the study period 1990-2017; Landsat TM 






Year Sensor Path/Row & Date 
    31/26 31/27 32/26 
1990 TM-05 June 9 June 9 Oct 22 
1991 TM-05 Sept 7 Aug 31 Oct 9 
1992 TM-05 Aug 17 Sept 2 Aug 8 
1993 TM-05 May 16 May 16 April 21 
1994 TM-05 June 20 June 20 May 26 
1995 TM-05 Aug 10 Aug 10 May 26 
1996 TM-05 Aug 26 June 9 July 2 
1997 TM-05 July 14 July 14 Aug 22 
1998 TM-05 Sept 3 Sept 3  Aug 9 
1999 TM-05 Aug 5 Aug 5 Aug 28 
2000 TM-05 July 30 July 30 May 18 
2001 TM-05 July 9 July 9 Aug 25 
2002 ETM+ Aug 5 Aug 5 July 11 
2003 TM-05 May 28 May 28 June 20 
2004 TM-05 July 1 July 1  July 24 
2005 TM-05 May 5 May 10 Oct 31 
2006 TM-05 June 20 Aug 8 May 11 
2007 TM-05 Aug 11 Aug 11 Aug 2 
2008 TM-05 Aug 29 Aug 29 Aug 20 
2009 TM-05 Sept 1 Sept 1 June 20 
2010 TM-05 May 15 Aug 3 Aug 26 
2011 TM-05 May 18 May 18 May 25 
2013 TM-08 May 23 May 23 Aug 18 
2014 TM-08 Aug 30 Sept 15 July 20 
2015 TM-08 Sept 2 Sept 2 May 20 
2016 TM-08 April 13 April 13 July 25 
2017 TM-08 May 18 May 18 Aug 29 
 
Table 1: Series of Landsat 5 (TM-05), Landsat 7 (ETM+), and Landsat 8 (TM-08) 





RESULTS AND DISCUSSION 
 In the following, I describe the water pixel classification and accuracy 
assessment, surface water extent including lake area and smaller wetland dynamics, 
underlying hydrologic processes based on averaged water body area and number of water 
bodies, and the connection between hydroclimatic responses and surface water extent in 
the DLB. 
Water Pixel Classification and Accuracy 
 The pixel density of the SWIR band of various Landsat TM (5), ETM+ (7), and 
OLI (8) images from the DLB show a bimodal distribution for all years during the study 
period (Figure 5 and 6). The first peak (from left) in Figures 5 and 6 represent water 
pixels; however, the magnitude of the peak depends on the number of open water pixels 
in the DLB in a particular water year. For example, the pixel density of the water peak is 
minimal in 1990 due to very dry conditions (Figure 5), while a high pixel density is 
detected at the water peak of 2011 because of the occurrence of extensive inundation 
from a large deluge (Van Hoy et al. 2019). The second peak in Figures 5 and 6 represent 
non-water (e.g., vegetation, soil, forest, pasture/hay, developed) pixels (Jensen 2015). 
Note that the pixel density at the second peak is substantially higher than the first peak. 
The x-axis (Figures 5 and 6) represents digital number (DN) bins and DNs are the 
digitally calculated reflected energy from land surfaces at a radiometric resolution. The 
ability to distinguish between grey-scale pixels is based on the strength of the sensor and 
its radiometric resolution. The range of DN values in x-axis shows that the radiometric 
resolutions vary depending on the Landsat sensors during each year. On the y-axis, pixel 




surface pixels is quantified and separated into DN’s, allowing us to distinguish water 
from non-water pixel distributions (Liang 2005). Results from the image classification 
analysis of band 5 show bimodal histogram distributions during the study period from 
1990-2017 (Figures 5 and 6). The red line in each subplot represents the threshold that 
separates water from non-water pixels. The threshold value varies from year to year due 
to the variation of radiometric resolutions between Landsat TM (5), ETM+ (7), and OLI 
(8) sensors. 
 The accuracy of the water pixel maps for 15 years (2002-2017) was evaluated by 
comparing the water body areas detected from the high resolution NAIP imagery. I 
developed 100 water body polygons covering a total of ~8.37 km2 across the DLB. Note 
that the confirmation of water presence in these polygons is based on the on-screen visual 
inspection of high resolution NAIP imagery. Table 2 shows a high accuracy for all years 
apart from 2015, which was much lower due to substantial cloud cover. Since there are 
no high-resolution aerial photographs for DLB available during pre-2002 period, the 
accuracies of the water pixels maps during 1991-2001 were evaluated by comparing the 
total water pixel area with Sethre et al. (2005). The estimated water pixel areas or surface 
water extents were in good agreement with Sethre et al. (2005) who produced an overall 









Figure 5: Bimodal histogram distribution from image classification of the SWIR band 
results for the study period 1990-2001; the red line represents the threshold separating 
water from non-water pixels.  
 
Figure 6: Bimodal histogram distribution from image classification of the SWIR band 
results for the study period 2002-2017; the red line represents the threshold separating 

















Year Landsat (km2) Aerial Imagery (km2) Match (km2) Accuracy (%) 
2002 7.8579 8.3727 7.8579 93 
2003 8.2818 8.3727 8.2818 98 
2004 8.2719 8.3727 8.2719 98 
2005 8.2575 8.3727 8.2575 98 
2006 8.3457 8.3727 8.3457 99 
2007 8.316 8.3727 8.316 99 
2008 8.1117 8.3727 8.1117 96 
2009 8.3583 8.3727 8.3583 99 
2010 8.3574 8.3727 8.3574 99 
2011 8.3691 8.3727 8.3691 99 
2013 8.1072 8.3727 8.1072 96 
2014 8.1126 8.3727 8.1126 96 
2015 4.275 8.3727 4.275 51 
2016 8.2179 8.3727 8.2179 98 
2017 9.4923 8.3727 8.2215 98 
 







Spatiotemporal Variability of Surface Water Area 
 Figures 7 (1990-2001) and 8 (2002-2017) show the water pixel maps and their 
spatiotemporal variation during the study period. During the early 1990s (1990-1992), the 
open surface water area was very small, probably due to the effect of the 1980s drought 
(Todhunter 2016). The total surface water area (lakes and wetlands) increased 
significantly during 1994 and the expansion of surface water area continued in post-1994 
period. The wetting in 1994 had a pronounced influence on the expansion of lakes and 
wetlands in the southern part (Devils Lake area) and eastern part (Edmore Coulee area) of 
the DLB. However, there were moderate expansions of wetlands and an increase in 
wetland numbers in the northern (Mauvais Coulee and Starkweather Coulee region) and 
western part (near Leeds) of the DLB as well. As the climatic wetting continued until 
1998, the wetlands and lakes of these regions experienced sustained expansion and 
generation of new wetlands and increased water storage of existing wetlands by filling up 
empty potholes. However, the NGP drought during the 1999-2003 period had a minor 
influence (a drop of surface water extent by ~150-200 km2 in 2000 and 2002) on the 
surface water extent in the DLB, possibly due to subdued evaporation during this period 
(Van Hoy et al. 2019). During the 2005-2011 period, the DLB faced significant climatic 
wetting (Rodell et al. 2018). As a result, surface water extent across the DLB increased 
substantially (Figure 8) and the total surface water extent was elevated from 1345 km2 
(2005) to 2058 km2 (2011). The DLB experienced devastating flooding during the 2009 
and 2011 springs amid this extreme wetting period (Todhunter 2016). Interestingly, 
despite a continued elevated precipitation regime during the basin’s post- 2011 period, 




possibly due to high evaporation (Van Hoy et al. 2019). During this period, the 
northeastern, western and northern part of the DLB experienced a substantial loss of 
wetlands and water bodies. I explored the impacts of newly built outlets to drain Devils 
Lake water to the Sheyenne River as an explanation for DLB’s considerable wetland loss. 
However, water volume drained to the Sheyenne River is not significant enough to have 
such a noticeable impact on DLB’s wide range of wetland changes. 
 Figure 9 shows the temporal dynamics of the total surface water extent (Figure 
9A), wetlands (Figure 9B), and lake area (Figure 9C) during the 1991-2017 period. Based 
on total surface water extent fluctuations, I detected six periods: 1990-1992 (very dry), 
1992-1994 (wetting or wetland expansion), 1994-1999 (sustained wet condition or 
expanded water bodies), 1999-2005 (NGP drought; Fang and Pomeroy 2005), 2005-2011 
(extreme and recent wetting; lake and wetland flooding), and 2011-2017 (recent drying; 
wetlands contracting and decreasing wetland numbers). Figures 9B and 9C show that 
wetland dynamics are more in phase with the temporal fluctuations of surface water 
extent than is lake area. However, all of their fluctuations are in general agreement during 
the 2006-2017 period. The NGP drought barely had an impact on the lake surface area 
while it had a high influence on wetland surface area suggesting smaller water bodies are 
vulnerable to drought conditions and the first to be depleted, which is consistent with 
Zheng et al. (2009). Zheng et al. (2009) concluded that smaller lakes were profoundly 
influenced by short-term fluctuations while larger lakes were impacted slowly by long-
term periods of drought and deluge. In our study, the lake areas at and around Devils 
Lake responded to precipitation increment over long periods. The response of Devils 




lake expansion sustained till 2011 at a rate of 31 km2/year (Figure 9). However, the lake 
area decreased during the post-2011 period at a rate of 36 km2/year. Overall, the total 
surface water extent since 2005 increased at 120 km2/year during the pre-2011 period 
while shrinking at 140 km2/year rate during the post-2011 period. These findings are 
consistent with Sethre et al. (2005) with the exception of the years 1991 and 2000, but the 
findings also showed similar increases and decreases as did their findings. However, our 
results add new knowledge by reporting surface water condition for a longer study period 
(1990-2002) while Sethre et al. (2005) was limited to the year 2002. 
 
















Figure 10: Temporal changes of total surface water area (A), wetland surface area (B), 






Hydroclimatic Conditions from the Water Body Changes 
 Under variable hydrologic and climate conditions, the number of waterbodies and 
their average water body area show a consistent pattern (Figure 10). Here, larger average 
waterbody areas with a smaller number of waterbodies are assumed to represent dry 
surface water conditions and the smaller mean waterbody areas with a large number of 
water bodies indicate a very wet surface water condition. Our assumptions emerge from 
the findings of Zhang et al. (2009) who reported a conceptual model involving lake area 
and the number of lakes. Their conceptual model shows a power law relationship 
between the lake area and the number of lakes for pothole-lakes under different 
hydrologic conditions. Since the DLB has a handful of large lakes, I decided to 
characterize the surface water bodies under different hydrologic conditions using mean 
water body area and the number of water bodies. These findings show a linear 
relationship between the number of waterbodies versus the average waterbody area. The 
linear relationship displays different clusters of years that are influenced by hydroclimatic 
drivers such as streamflow, precipitation and evaporation. The years 1990-1992 are very 
dry years, resulting as outliers in Figure 10. The DLB began to experience a wetting 
period since 1994 and then sustained the wetting condition from 1995-1999. Hence, the 
years 1994, 1995 and 1996 are observed with smaller mean waterbody areas and a large 
number of water bodies. However, during this wet period, the years 1997, 1998 and 1999 
are represented with moderate sized average waterbody areas with moderate numbers of 
water bodies. I believe that heavy snowmelt induced streamflow during the 1997-99 




and expanding existing waterbodies, resulting in slightly subdued average waterbody 
areas and numbers of water bodies.  
 The recent NGP drought (1999-2005), particularly during the year of 2002, shows 
smaller numbers of waterbodies with larger average waterbody areas (Figure 10). Other 
years during the most recent NGP drought conditions maintained low numbers of 
waterbodies with a relatively high average of waterbody areas. The pre-2011 period 
(2005-2011) also follows our conceptual model with high average waterbody areas and 
low waterbody numbers from 2005-2011. Years 2010 and 2011 show lower average 
waterbody areas with high waterbody numbers. Lastly, despite the wet climatic condition, 
the post-2011 period (2013-2017) (recent drying in the DLB) shows low mean waterbody 
areas and high numbers of waterbodies in years 2013-2015, and moderate average 
waterbody areas with low numbers of waterbodies in 2016 and 2017. 
 
Figure 11: Average water body area vs the number of waterbodies for each year during 




Hydroclimatic Responses vs Water Body Changes 
Evaporation vs water body area 
 Figure 11A shows the relationship between simulated open water evaporation and 
total surface water area. During the first 15 years of the study period, there is a weak 
correlation between evaporation and total surface water area due to highly variable 
evaporation during both wet and dry surface water conditions. However, during the 2006-
2017 period, a counter-clockwise cyclical relationship (a hysteresis) was detected 
between evaporation and total surface water area. In this hysteric loop, the open water 
simulated evaporation-total surface water area relationship during the 2006-2011 period 
differs markedly from the open water simulated evaporation-total surface water area 
relationship during the 2013-2017 period. During both the 2006-2011 (blue triangles, 
R2=0.9) and 2013-2017 (red triangles, R2=0.84) periods, a strong negative correlation is 
detected between the simulated open water evaporation and total surface water area. The 
linear regression slope (m) is much higher for 2013-2017 period (m = -2.8) compared to 
2006-2011 period (m = -5.61). Clearly, during the wetting period (2006-2011), the 
system was filling up with water faster than water consumption by evaporation while 
during the drying period (2013-2017), evaporation consumed water from the DLB system 
at a much faster rate than precipitation induced increases. To my knowledge, this study is 
the first study to report such a cyclical relationship between evaporation and total surface 
water area. The findings in this current study have significant implications on the water 
body dynamics and evaporation in future climate change scenarios. Furthermore, recent 
climate change studies (e.g., Bonsal et al. 2018; Masud et al. 2018) have predicted that 




deluge conditions. Under such climatic variability, multiple occurrences of hysteric loops 
are anticipated. Figure 11B shows a weak positive relationship (R2=0.22) but no cyclical 
relationship between evaporation and lake area. In contrast, Figure 11C shows a cyclical 
relationship between wetland areas and evaporation during the 2006-2017 period 

























Figure 12: Simulated open water evaporation vs waterbody area relationship: A) total 




Precipitation vs water body area 
 Figure 12 shows the relationship between precipitation and water body area. The 
top row of Figure 12 shows the association of total surface water extent with the cold 
season precipitation (Nov-April), warm season (May-Oct), and annual precipitation (Oct-
Sept), while the middle and bottom rows exhibit similar relationships for lake area and 
wetland area.Cold season precipitation is moderately correlated with surface water area 
(R2=0.41), lake area and wetland area suggesting a strong influence of snowmelt on the 
expansion of existing water bodies and the generation of new water bodies in the DLB. In 
contrast, warm season precipitation (rainfall), which accounts for ~70% of annual 
precipitation, is not correlated with water body area due to large consumption of water by 
evaporation and transpiration during the warm summer season. Since warm season 
precipitation (rainfall) is the major contributor to annual precipitation, annual 
precipitation also has no correlation with water body area. 
 Streamflow vs water body area 
 To investigate the impact of the streamflow on wetland dynamics in a particular 
basin, I explored the relationship between annual streamflow and water body area within 
a particular sub-basin. For this purpose, I considered the Little Coulee near Leeds basin 
(western DLB), Starkweather Coulee Basin (northeastern DLB), Mauvais Coulee Basin 
(northcentral DLB), Edmore Coulee Basin near Edmore (eastern DLB) and Edmore 
Coulee Basin near Webster (eastern DLB) (Figure 1D). Interestingly, there was no 
discernable relationship between streamflow and water body area over the last three 
decades. The R2 values for Leeds Basin (western DLB), Starkweather Coulee Basin 




near Edmore (eastern DLB) and Edmore Coulee Basin near Webster (eastern DLB) are 
0.36, 0.33, 0.22, 0.27 and 0.30 respectively. These values show no strong correlation with 
streamflow and wetland area that, unfortunately, contradict the findings of Dumanski et 
al. (2015) who showed that streamflow increased substantially as wetland connectivity 
also increased due to fill-spill and wetland drainage. The lack of correlation can be due to 
multiple factors (e.g. frozen soil conditions, rain on snow, frozen filled potholes and lack 
of connectivity of wetlands) controlling the streamflow (Van Hoy et al. 2019).  
 
























 The objectives of this study were: 1) to delineate waterbodies using remote 
sensing technology; 2) to describe spatiotemporal dynamics of surface water extent of 
lakes and wetlands to recent shifts in precipitation regime; and 3) to investigate the 
relationship between hydroclimatic responses and surface water extent including lakes 
and wetlands. To achieve this goal, I used remotely sensed satellite imagery, field-based 
streamflow observations, PRISM precipitation data (the combination of remote sensing 
and numerical model), and numerically modeled open water evaporation. Based on the 
objectives, results and discussion, the following conclusions were reached. 
 Density slicing of band 5 produced bimodal histogram distributions highlighting 
two peaks, with the first peaks representing water pixels. The areas under first peaks 
representing water show the growth of water pixel extent during our study period. The 
accuracy assessment of the density slicing method by using aerial imagery from NAIP 
produced an overall accuracy of 95% for years 2002-2017.   
 Analyses of the temporal dynamics of surface water extent detected six phases of 
water body area fluctuations (Figure 9A) during 1990-2017; 1990-1992 (very dry), 1992-
1994 (wetting or wetland expansion), 1994-1999 (sustained wet condition), 1999-2005 
(NGP Drought), 2005-2011 (extreme recent wetting), and 2011-2017 (recent drying). The 
NGP drought (1999-2005) had minimal impact on lake area but a strong influence on 
wetland areas (smaller water bodies). Lake area expansion (Figure 9C) from 1990-2011 
increased at a rate of 31 km2/year and declined at a faster rate of 36 km2/year from 2011-
2017. However, total surface water extent since 2005 increased at 120 km2/year rate 




period. Results from the spatial variation of the extent of surface water bodies are shown 
in Figures 7, 8, and 9.   
The relationship between hydroclimatic conditions and surface water extent show 
significant results in the controlling factors of wetland dynamics. Average waterbody 
area and the number of waterbodies show a linear relationship highlighting controlling 
hydroclimatic drivers such as streamflow, precipitation, and evaporation, the outlier years 
1990-1992 are the result of very dry conditions. As the DLB experienced a wetting 
period beginning in 1994 and sustaining from 1995-1999, years 1994, 1995, and 1996 
show small mean waterbody areas and large numbers of water bodies. However, the 
years 1997, 1998, and 1999 represent moderate average waterbody areas with moderate 
numbers of water bodies as a result of heavy snowmelt induced streamflow during this 
period. The NGP drought years from 1999-2005 maintained low numbers of waterbodies 
with relatively high average of waterbody areas. The pre-2011 phase (2005-2011) 
showed high average waterbody areas and low waterbody numbers. Lastly, despite wet 
climatic conditions, the post-2011 period (2013-2017) showed low mean average 
waterbody areas and high numbers of waterbodies in years 2013-2015 and relatively 
moderate average waterbody areas with low numbers of waterbodies in 2016 and 2017. 
These results agree with the conceptual model and findings of Zhang et al. (2009). 
The relationship between open water evaporation and surface water extent produced a 
hysteresis relationship in the results during the 2006-2017 period. These findings are 
significant as they are the first to study hydroclimatic relationships of streamflow, 
precipitation, and evaporation with surface water extent in a 10,000 km2 watershed 




Bonsal et al. 2013; Masud et al. 2018) predicting that the future NGP climate will 
experience extreme drought and deluge conditions, such climatic variability can expect to 
produce multiple hysteric loops in regional hydrological processes.  
The analyses between precipitation versus surface water area extent showed that cold 
season precipitation (Nov-April) has a stronger control on surface water area extent from 
1990-2017. Warm season precipitation has minimal effect on surface water area extent 
due to the high evaporation that is experienced in the DLB during the summer months 
(May-Oct). There is no obvious correlation between streamflow versus surface water area 
extent from 1990-2017, contradicting the findings of Dumanski et al. (2015). Surface 
water is generating elsewhere by the fill and spill process during snowmelt events over 
frozen ground; observed in other studies in the NGP by Van Hoy (2019), and Coles et al. 
(2016).  
FUTURE WORK  
 Future studies might use RS satellites with a higher spatial resolution to produce a 
higher accuracy of open water bodies in the DLB (if funding is available). Suggested 
sensors would be the IKONOS that has a 1 m spatial resolution, QuickBird that has a 3 m 
spatial resolution, or RADARSAT that has a high spatial resolution of 6 m that produces 
high quality images of the Earth under cloud cover, haze, and smoke, and also during 
night hours. A simple model could also be built in ArcMap tools for processing image 
classification at a faster rate for the desired study period. Streamflow relationships should 
also be studied more closely on a bi-yearly basis to observe stronger correlations in open 




North Dakota is a leading agricultural region and thus, more water resource 
assessments and studies are likely to be conducted in the coming years. The data and 
results analyzed and produced from the study will contribute to the future work in 
assessing climate change impacts on water resources in the NGP. Terminal lakes are one 
of the most dynamic hydrological systems in the world (Sethre et al. 2005) and our data 
will contribute to understanding their hydrologic behavior. The spatiotemporal dynamics 
of wetlands observed in this study indicate that smaller waterbodies are strongly 
influenced by short-term drought conditions and long-term deluge conditions. This 
information may be useful for economic concerns and impacts on agricultural purposes, 
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